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ABSTRACT

ADSORPTION OF BENZYL VIOLOGEN AND POLYETHYLENE GLYCOL AND THEIR
DISPLACEMENT BY 3-MERCAPTO-1-PROPANESULFONATE DURING COPPER
ELECTRODEPOSITION
by
Jing Lu
University of New Hampshire, September, 2017
The fabrication of on-chip interconnects in the semi-conductor industry employs electrodeposition
of copper for fabrication of lines and vertical interconnects (vias) on scales as small as a few tens
of nanometers. A significant challenge is to control the distribution of current to assure void-free
bottom up filling of these features, a process commonly referred to as superfilling. The presence
of a combination of additives on the copper surface regulates the copper deposition rate, and in the
proper concentrations produce a high deposition rate at the bottom of features and a reduced
deposition rate on the planar wafer surface and upper side-walls of the features. It is known that
the adsorption of the additives results in superfilling. However, there are few direct measurements
of the coverage of the respective adsorbates and limited information is available for the surface
chemistry of additives at various concentrations. The present study is built on the competitive
adsorption model in which adsorbed benzyl viologen (BV) or polyethylene glycol (PEG) are
displaced progressively from the interface by 3-mercapto-1-propane sulfonic acid (MPS)
adsorption during copper electrodeposition. Adsorption of BV and interactions between BV and
MPS as well as PEG and MPS were explored by chronoamperometry.

xi

During copper electrodeposition with simultaneous BV adsorption, the fractional surface coverage
of BV was shown to be potential and temperature dependent. By fitting the data to the Langmuir
model, it was shown the adsorption of BV on the copper electrode surface is a spontaneous
exothermic process.
During copper electrodeposition with displacement of BV by MPS, increased MPS concentration
in the electrolyte increases the driving force for MPS adsorption and BV desorption. This potential
and temperature dependent displacement was shown to be a spontaneous endothermic process.
During copper electrodeposition with displacement of PEG by MPS, more negative potential,
higher MPS concentration and higher temperature promotes MPS adsorption and desorption of
PEG. Displacement of PEG by MPS was shown to be a spontaneous endothermic process.

xii

CHAPTER I INTRODUCTION

1.1 Background
Due to its low resistivity and the ease with which it can be electrodeposited, copper has been used
for fabrication of on-chip interconnect wiring in the semiconductor industry since the late 90s[1].
Copper electrodeposition remains the dominant technology for interconnects on microelectronic
devices over many scales from interposers with line widths on the micron scale to nodes a few tens
of nanometers in size. The interconnects are fabricated by electrodeposition of copper into trenches
to produce lines, or into holes to produce vias or vertical interconnects. The major challenge for
the success of the process is to fill the features completely without leaving seams or voids. This in
turn requires rigorous control over the distribution of plating current inside the features, a problem
that becomes more difficult as the feature size is reduced.
To achieve metallization of small damascene features without defects, a copper growth mode
referred as superfilling or superconformal growth is required. The natural tendency is for copper
to deposit most heavily near the openings of features rather than inside them. Reversing this natural
current distribution is achieved by addition of combinations or ensembles of organic additives to
the plating solution. Examples of additives that can be found in the literature include
poly(ethylene)glycol(PEG), chloride and mercapto acids, such as 3-mercapto-1-propanesulfonic
acid (MPS) and bis(3-sulfopropyl) disulfide (SPS). The presence of these additives on the copper
surface regulates the copper deposition rate, and in the proper concentrations they produce a high
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deposition rate at the bottom of features and a reduced deposition rate on the planar wafer surface
and upper side-walls of the features.
Electroanalytical methods are commonly used to study the mechanism by which additives control
the distribution of current. It is known that the adsorption of the additives is essential in promoting
superfilling. However, the understanding of additive adsorption and interaction is still incomplete.
Therefore, further exploration of additive adsorption and interactions during copper
electrodeposition will be helpful to promote appropriate additive combinations for demanding
filling processes. Because additives age in use and eventually must be discarded, a deeper
understanding of their behaviors can also decrease the cost of copper electroplating as well as
minimize the impact of electrolyte disposal on the environment.

1.2 Copper Electrodeposition
The copper electrodeposition process includes at least three consecutive steps as illustrated in
Fig.1.1[2]:
(1) 𝐶𝑢2+ is transported from the bulk solution to the electrode surface,
(2) 𝐶𝑢2+ adsorbs on the electrode surface and is reduced to copper adatoms,
(3) Adatoms form copper nuclei and then grow to bulk metallic copper.

2

Figure 1.1 Schematic of the steps involved in copper electrodeposition

The rate of copper electrodeposition depends on a rate-limiting step determined by the masstransfer conditions. Step (1) is mass transfer of 𝐶𝑢2+ across the boundary layer. It is governed by
the Nernst-Planck equation. The one-dimensional Nernst -Planck equation along the x-axis is
written as[3]:
𝑖

𝐽𝑖 (𝑥) = 𝑛𝐹𝐴 = −𝐷𝑖 [

𝜕𝐶𝑖 (𝑥)
𝜕𝑥

]−

𝑧𝑖 𝐹
𝑅𝑇

𝐷𝑖 𝐶𝑖
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𝜕∅(𝑥)
𝜕𝑥

+ 𝐶𝑖 𝑣(𝑥)

Where the subscript i represents species. Here i=𝐶𝑢2+ . 𝐽𝑖 (𝑥) (mol/s/cm2) is the flux at a distance
x from the surface, 𝐷𝑖 the diffusion coefficient(cm2/s),

𝜕𝐶𝑖 (𝑥)
𝜕𝑥

the concentration gradient at x,

𝜕∅(𝑥)
𝜕𝑥

the potential gradient at x, 𝑧𝑖 the charge transferred from the electrode to the ion, 𝐶𝑖 the
concentration of the ion, and 𝑣(𝑥) the velocity of motion of the solution. The right side of the
equation includes three contributions: diffusion, migration and convection. Because the plating
baths used in this application contain a large amount of supporting electrolyte, they have a high
conductivity and a relatively low field strength is applied. As a result, migration can be neglected.
Mass transfer is the limiting step when agitation of the solution is weak and the deposition rate is
high. With strong agitation and lower deposition rate, electrode kinetics are very important in
determining the rate of copper electrodeposition. The reduction of 𝐶𝑢2+ 𝑖𝑠 𝑎 two-step process.
𝐶𝑢2+ + 𝑒 − → 𝐶𝑢+

(1.1)

𝐶𝑢+ + 𝑒 − → 𝐶𝑢𝑎𝑑

(1.2)

The standard reduction potential of reaction 1.1 is 0.153V vs. the standard hydrogen electrode
(SHE), and the standard reduction potential of reaction 1.2 is 0.521V vs. SHE. The rate constant
for the first step is a thousand times smaller than that of the second step. Hence, the first step is
rate-limiting, the second step is often assumed to be at equilibrium. In an electrochemical cell,
deposition of copper at the cathode is usually effected by application of an external voltage
negative of the reversible potential of the cell. When no external voltage is applied, equilibrium is
reached between the electrode and the electrolyte. The potential at which equilibrium is established
can be expressed by the Nernst equation.
E𝑒𝑞 = 𝐸 0 +

𝑅𝑇
𝑙𝑛α𝐶𝑢2+
𝑛𝐹
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Where 𝐸 0 is the standard electrode potential, R is the gas constant, F is the faraday constant, T is
the absolute temperature, n is the number of electrons transferred, and α𝐶𝑢2+ is the activity of
𝐶𝑢2+ which equals the concentration of 𝐶𝑢2+ in an ideal solution. When an external voltage is
applied, the difference between the applied potential and the equilibrium potential is called the
overpotential ƞ.
ƞ = E − 𝐸𝑒𝑞
The kinetics of 𝐶𝑢2+ reduction in a typical acid-sulfate plating bath can be expressed in terms of
the overpotential by the Butler-Volmer equation.
i = 𝑖0 [𝑒 −φ𝑛𝑓ƞ − 𝑒 (1−φ)𝑛𝑓ƞ ]
𝐹

where 𝑖0 is the exchange current density, φ the transfer coefficient and f=𝑅𝑇. At large negative
overpotentials, typical of practical electroplating, the second term in the bracket can be neglected.
Because copper ion is consumed during the deposition, the concentration Ci of cupric ion at the
surface is less than the concentration Cb in the bulk solution. As a result, there is a second
component of the overpotential in addition to the kinetic or activation overpotential that appears
in the Butler-Volmer equation. This mass-transfer overpotential can be approximated by a form of
the Nernst equation.

c 

RT C i
ln
nF C b

As the deposition rate approaches the mass transfer limit, where the interfacial concentration falls
to zero, the concentration overpotential becomes very large. Since this study aims at the adsorption
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behavior of additives during copper deposition, it is better to keep the potential under kinetic
control by operating current below about 30% of the limiting current.
After the reduction of 𝐶𝑢2+ to form adatoms, 𝐶𝑢𝑎𝑑 diffuses on the surface to growth sites and
attaches to become incorporated in the metallic copper deposit 𝐶𝑢𝑙𝑎𝑡𝑡𝑖𝑐𝑒 .
𝐶𝑢𝑎𝑑 ↔ 𝐶𝑢𝑙𝑎𝑡𝑡𝑖𝑐𝑒

1.3 Models of Superfilling

1.3.1 Types of Features Commonly Filled
A successful plating process to fill trenches or vias completely without any voids or seams should
have three characteristics[4]. First, a copper seed layer should cover the surface completely, so that
the surface can conduct current from a contact at the wafer edge to all points on the wafer where a
deposit is desired. Second, the distribution of current within the feature must produce bottom-up
rather than side-in filling. The deposition of copper on the feature sides should be inhibited so that
copper is deposited primarily at the bottom of the feature. Finally, the overburden of copper above
the filled features should be kept at a minimum since it must be removed by chemical-mechanical
polishing in the subsequent planarization step.
Bottom-up filling is the objective in formulation of the plating bath and the conduct of the plating
operation. In fact, there are several possible ways for the profiles of plated copper to evolve during
plating, including subcomformal, superconformal and conformal current distributions as shown in
Figure 1.2. In conformal plating, the rate of deposition is equal at the bottom and sides of the
feature, and a seam is formed at the end of the filling process. In subconformal plating, the
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deposition rate on the upper sides is larger than that at the bottom resulting in a void inside the
feature. This is the natural growth habit, since the resistance to passage of current is less in the
upper regions of the feature due to surface geometry as well as to mass-transfer limitations.
Superfilling, which can produce void-free and seamless deposits, is accomplished by maintaining
a substantially higher deposition rate at the bottom than the sides of the feature[4]. The distribution
of current is regulated by additives. According to the function of the additives, they are classified
as suppressors, accelerants and levelers. Suppressors reduce the deposition rate. Accelerants
deactivate suppressors and restore a higher current density. Levelers are inhibitors that play a role
in the late stage of feature filling to eliminate protrusions and obtain a thin and smooth copper
overburden. Hence, the distribution of additives on the feature surface is critical to successful
superfilling. The competition between suppressors and accelerants, and the distribution of their
relative coverages has been a goal of process modeling for about twenty years.
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Figure 1.2 Types of profile evolution in damascene plating[4]

1.3.2 Diffusion-Consumption Model[4]
The diffusion-consumption model is based on a previous model of leveling by inhibitors on scales
larger than those encountered in interconnect technology. The two critical components of the
model are that adsorption of the inhibitor is transport-limited, and that once adsorbed on the surface
to inhibit copper deposition it is consumed by a surface reaction. Since the adsorbed inhibitor is
consumed, there is always a mass-transfer boundary layer above the surface, and a continuous flux
of inhibitor to the electrode. More inhibitor is adsorbed on the top and the upper sides of the via
8

than on the bottom because these areas are more accessible to diffusion. As a result, bottom-up
filling is attained with a higher copper deposition rate at the bottom than the top. A schematic of
this model is shown in Fig.1.3[1].

Figure 1.3 Diffusion-consumption model showing the lower concentration of suppressor at the
bottom of the feature

1.3.3 Curvature Enhanced Accelerant Coverage Model
The limitation of the diffusion-consumption model is that variation of additive concentration
within these very small features is limited. It is also known empirically that superfilling is achieved
only in baths that contain both a suppressor and an accelerant. The practical distinction between
suppressors and levelers is that the former are not consumed on the surface while the latter are. In
addition, micrographs of partially filled features show a very dramatic, almost singular difference
between the rate of deposition at the bottom and the rate of deposition on the sides, a distribution
that is unlike that seen in levelling where there is a more gradual variation of deposition rate with
9

position[5]. Moffat[6] and West[7] independently provided what has come to be called the curvature
enhanced accelerant coverage (CEAC) model.
In the CEAC model, the suppressor and the accelerant are both considered. Since the suppressor
is quickly adsorbed on the surface and can be displaced by accelerants, the surface concentration
of the accelerant determines the rate of deposition. If the accelerant is evenly distributed on the
surface initially, the surface coverage of accelerant increases on concave portions of the surface as
the surface area decreases with deposit growth. Similarly, it decreases on convex portions.
Therefore, the growth rate of a concave surface is larger than that of the flat surface or convex
surface, resulting in bottom-up filling. Fig.1.4 is a schematic of the CEAC model.

Figure 1.4 Curvature enhanced accelerant coverage model

1.3.4 Time-Dependent Diffusion-Adsorption Model
The time-dependent diffusion-adsorption model was proposed by Akolkar et al.[8] Transient
additive interactions play a crucial role in bottom-up filling in high-aspect-ratio, (i.e. ratio of depth
to diameter) features. PEG, the commonly used suppressor, is kinetically fast and diffusionally
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slow and is diffusion controlled when adsorbed on the electrode. While the accelerant SPS is
kinetically slow and diffusionally fast and its adsorption is controlled by adsorption kinetics. The
displacement of adsorbed PEG by SPS is rather slow compared to PEG or SPS adsorption on the
additive-free surface. Therefore, because of the time scale difference, the via-top surface remains
inhibited due to the large PEG diffusional flux and slow displacement of adsorbed PEG by SPS.
The via bottom is dominated by SPS due to fast diffusion and displacement of PEG by SPS[1].

Figure 1.5 Time-dependent diffusion-adsorption model
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1.4 Electrochemical Experiments
Electrochemical methods include relatively common and simple methods to test additive
adsorption and desorption at the electrode-electrolyte interface during copper electrodeposition.
When an overpotential is applied, the current response can be monitored to reflect the change in
electron transfer rates caused by adsorption of the additives. Here two typical electrochemical
methods, cyclic voltammetry and chronoamperometry, are discussed here.
Cyclic Voltammetry (CV) is a widely used technique to obtain electrochemical reaction
information. As shown in Fig.1.6, the potential of the working electrode is swept linearly from an
initial potential to a final potential and then swept with the same speed in the opposite direction.
This is one cycle. Multiple cycles can also be used based on the information needed. The response
current is measured as a function of the applied potential.
Cyclic voltammetry can provide information about the thermodynamics of reduction processes,
the kinetics of electron transfer reactions and interfacial adsorption behavior. Often it is the first
experiment in an electroanalytical study because it can be used to locate the redox potentials of the
electroactive species rapidly. Current peaks in the CV curve reflect electron transfer reactions that
have reached the diffusion controlled regime. When the potential is swept in the negative direction,
the reduction current of the plated metal reaches a peak and then drops when the surface
concentration of the reactant falls to zero. Secondly, from the number of peaks in the CV curves,
one can find the electron transfer steps that occur on the electrode surface and furthermore
postulate the possible reaction mechanism by capture of CV curves at various scan rates. Lastly,
CV curves can be used to interpret adsorption and desorption processes on the electrode.
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(a)

(b)
Figure 1.6 Cyclic voltammetry technique (a) potential-time excitation (b) a typical currentpotential response

With the assumption that an adsorbed suppressor reduces the reduction current in proportion to the
fractional surface coverage of the suppressor, the surface coverage can be estimated by
measurement of the steady current at various suppressor concentrations[9].
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Chronoamperometry is an electrochemical technique in which the potential of the working
electrode is stepped from the open circuit to a potential at which faradaic processes occur. The
current is then monitored as a function of the time[9]. The potential-time relationship and the
resulting current-time profiles are illustrated in Fig.1.7.

(a)

(b)
Figure 1.7 Chronoamperometry technique (a) potential-time excitation (b) the resulting currenttime response
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The difference between chronoamperometry and cyclic voltammetry is that the latter is a transientpotential measurement, which means the potential is not fixed. For an electrochemical system,
even at the end of double-layer charging, the concentrations near the electrode change until a
steady state is reached. Therefore, the cyclic voltammetry measurement is less useful in probing
the kinetics of intermediate kinetic steps in the steady state. In contrast with cyclic voltammetry,
in chronoamperometry a constant potential is maintained, and steady state kinetic data is easy to
obtain. However, since the electrochemical test is very sensitive to many other parameters like the
surrounding environment, electrode roughness and impurities that may change slowly with time,
it is hard to control. Hence, the reproducibility of chronoamperometry curves is less reliable, and
more measurements need to be acquired.

1.5 Adsorption

1.5.1 Adsorption Coverage 𝜽
Specific adsorption processes can be categorized as either chemisorption or physisorption.
Chemisorption refers to a chemical interaction between the adsorbate and the electrode and may
entail bond formation or bond rupture. Physisorption is weaker and is based on van der Waals
forces at the interface. Chemisorption occurs at specific sites on the atomic scale surface features,
such as on top of certain atoms or the bridge between two atoms in the metal crystal. PEG
adsorption is a typical example of chemisorption. It entails an ion pair made up of Cu+ and 𝐶𝑙 −
which is then adsorbed on the electrode.
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The coverage 𝜃, the fraction of the electrode surface covered by the adsorbate, is commonly used
to represent the concentration of the adsorbed species in the surface phase. When the adsorbate
forms a complete monolayer corresponding to the maximum amount of adsorbate that can be
adsorbed 𝜃 is equal to one. The current density as a function of fractional coverage thus varies
from an adsorbate-free value to a complete coverage value.

1.5.2 Adsorption Isotherms
When other variables are fixed, the variation of the coverage 𝜃 with the concentration of the
additive in the bulk solution C, is called the adsorption isotherm[10].
The Langmuir isotherm, as the simplest model, is based on the assumption that monolayer
adsorption occurs at fixed sites of the interface and interaction between adsorbed particles can be
neglected. Therefore, it is often used for simple kinetic models for cases in which 𝜃 → 0 𝑜𝑟 𝜃 →
1. The Langmuir isotherm can be derived on the assumption that the rate of adsorption is
proportional to the fraction of the surface which is unoccupied (1-𝜃) and to the bulk concentration,
while the rate of desorption is proportional to 𝜃. At equilibrium[11]:
𝑘1 (1 − 𝜃)𝐶 = 𝑘−1 𝜃
Thus,
𝑘

𝜃

𝐾 = 𝑘 1 = (1−𝜃)∙𝐶

(1.3)

−1

Where 𝑘1 is the adsorption rate-constant, and 𝑘−1 is the desorption rate-constant. The equilibrium
constant K is given by the Arrhenius equation.
𝑘

𝐾 = 𝑘 1 = exp(−
−1
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∆𝐺𝑎𝑑𝑠
𝑅𝑇

) (1.4)

Other more complex isotherms are listed in the Table 1.1. f is the adsorbate-adsorbate interaction
parameter. x is the configurational term parameter.

Table 1.1 Theoretical Adsorption Isotherms[12]
Author

Isotherm

Langmuir

K𝐶 =

𝐾𝐶 = exp(−𝑓𝜃)

Temkin

Frumkin

Damaskin-Parsons

𝜃
1−𝜃

𝐾𝐶 = (

𝐾𝐶 =

Flory-Huggins

𝜃
)exp(−𝑓𝜃)
1−𝜃

𝜃
exp(−𝑓𝜃)
(1 − 𝜃)𝑥

K𝐶 =

𝜃
𝑥(1 − 𝜃) 𝑥

Therefore, the adsorption and interaction of additives on the electrode surface during copper
electrodeposition can be analyzed by fitting the coverage data to an adsorption isotherm. The
equilibrium constant and thermodynamic parameters of the adsorption reaction can then be
calculated.
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1.6 Governing Equations

1.6.1 Determination of Surface Coverage Based on Measured Current Densities
Generally, the total current in the copper electroplating system with BV, MPS as well as PEG can
be expressed as:
𝐼 = 𝐼𝐶𝑢 + 𝐼𝐵𝑉 + 𝐼𝑀𝑃𝑆 + 𝐼𝑃𝐸𝐺
Here 𝐼𝐶𝑢 is the current flowing to vacant electrode sites, 𝐼𝐵𝑉 , 𝐼𝑀𝑃𝑆 , 𝐼𝑃𝐸𝐺 are the currents flowing
to areas of the electrode that are covered by BV, MPS and PEG, respectively. Roughening is
assumed to be negligible so that any changes in current are attributed to changes in the interfacial
chemistry rather than changes in the surface area. In these plating baths and at the current densities
employed, the surface does remain smooth and can be assumed to have a constant area. In a
specific system with different combinations of additives, the average current density is the sum of
partial current densities in the regions covered by the possible additives.

𝑖 = 𝑖𝐶𝑢

𝐴𝐶𝑢
𝐴𝐵𝑉
𝐴𝑀𝑃𝑆
𝐴𝑃𝐸𝐺
+ 𝑖𝐵𝑉
+ 𝑖𝑀𝑃𝑆
+ 𝑖𝑃𝐸𝐺
𝐴
𝐴
𝐴
𝐴

Where 𝑖𝐶𝑢 is the current density observed with no additive in the plating solution, and 𝑖𝐵𝑉 , 𝑖𝑀𝑃𝑆
and 𝑖𝑃𝐸𝐺 are the current densities observed when the electrode is totally saturated with BV, MPS
or PEG separately. The current densities can then be associated with the fractional surface
coverage θ of each additive.
𝑖 = 𝑖𝐶𝑢 (1 − 𝜃𝐵𝑉 − 𝜃𝑀𝑃𝑆 − 𝜃𝑃𝐸𝐺 ) + 𝑖𝐵𝑉 ∙ 𝜃𝐵𝑉 + 𝑖𝑀𝑃𝑆 ∙ 𝜃𝑀𝑃𝑆 + 𝑖𝑃𝐸𝐺 ∙ 𝜃𝑃𝐸𝐺
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(1.5)

1.6.2 BV Adsorption
For an electrolyte containing a combination of BV and 𝐶𝑙 − , 𝐶𝑙 − adsorbed on the electrode
provides sites for BV adsorption. A high concentration of 𝐶𝑙 − (50ppm) can completely cover the
copper surface and provide enough adsorption sites for BV to form a complete monolayer.
Simplification of Eq.1.3 provides the current density on the electrode with BV adsorbed on the
𝐶𝑙 − saturated surface[13]:
𝑖 = 𝑖𝐶𝑢 ∙ (1 − 𝜃𝐵𝑉 ) + 𝑖𝐵𝑉 ∙ 𝜃𝐵𝑉

(1.6)

Here 𝑖𝐶𝑢 is the current density with 𝐶𝑙 − but not BV in the electrolyte. With Eq.1.4, 𝜃𝐵𝑉 can be
expressed by the relation among 𝑖, 𝑖𝐵𝑉 and 𝑖𝐶𝑢 :
𝜃𝐵𝑉 = 𝑖

𝑖−𝑖𝐶𝑢

(1.7)

𝐵𝑉 −𝑖𝐶𝑢

Therefore, we can consider the observed current density as an indirect measurement of the
fractional surface coverage of BV on the electrode.  BV is calculated by Eq.1.5.
For the surface adsorption kinetics, if the free BV is adsorbed on the adsorption site, not
considering other possible complexes, the simplest expression is:
BV ↔ 𝐵𝑉𝑎𝑑𝑠
The time-dependent adsorption kinetics on the electrode surface can be expressed as
𝑑𝜃𝐵𝑉
+
−
= 𝐶𝐵𝑉 ∙ 𝑘𝐵𝑉
∙ (1 − 𝜃𝐵𝑉 ) − 𝑘𝐵𝑉
∙ 𝜃𝐵𝑉
𝑑𝑡
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+
−
where 𝑘𝐵𝑉
and 𝑘𝐵𝑉
are the rate constants for adsorption and desorption of BV individually. When

BV adsorption reaches equilibrium,

𝑑𝜃𝐵𝑉
𝑑𝑡

= 0 , and the equilibrium constant 𝐾𝐵𝑉 for the BV

adsorption can be expressed as:

𝐾𝐵𝑉 =

+
𝑘𝐵𝑉
𝜃𝐵𝑉
− =
𝑘𝐵𝑉 (1 − 𝜃𝐵𝑉 ) ∙ 𝐶𝐵𝑉

Therefore,
𝜃𝐵𝑉
1−𝜃𝐵𝑉

= 𝐾𝐵𝑉 ∙ 𝐶𝐵𝑉

(1.8)

1.6.3 Displacement of Adsorbed PEG or BV by MPS
The following discussion of the displacement of PEG or BV by MPS is based on the assumption
of a completely inhibited system with coverage of PEG-Cl (i.e. 𝜃𝑃𝐸𝐺 = 1) or BV-Cl (i.e. 𝜃𝐵𝑉 = 1)
as the ground level in the MPS-PEG-Cl and MPS-BV-Cl systems separately. The same is true with
the BV-Cl system discussed in 1.6.2. As in the previous section, roughening is not considered.
Either PEG or BV is desorbed by MPS adsorption. The extent of displacement of PEG or BV is a
monotonic function of the MPS coverage 𝜃𝑀𝑃𝑆−𝑃𝐸𝐺 or 𝜃𝑀𝑃𝑆−𝐵𝑉 .
For the MPS-PEG-Cl system, the total number of adsorption sites is assumed constant, so that
𝜃𝑃𝐸𝐺 + 𝜃𝑀𝑃𝑆−𝑃𝐸𝐺 = 1
Therefore, when MPS displaces PEG on the electrode surface, the current density can be expressed
as:
𝑖 = 𝑖𝑃𝐸𝐺 ∙ (1 − 𝜃𝑀𝑃𝑆−𝑃𝐸𝐺 ) + 𝑖𝑀𝑃𝑆 ∙ 𝜃𝑀𝑃𝑆−𝑃𝐸𝐺
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𝜃𝑀𝑃𝑆−𝑃𝐸𝐺 = 𝑖

𝑖−𝑖𝑃𝐸𝐺
𝑀𝑃𝑆 −𝑖𝑃𝐸𝐺

(1.9)

The additive adsorption kinetics can be expressed as
𝑑𝜃𝑀𝑃𝑆−𝑃𝐸𝐺
+
−
= 𝐶𝑀𝑃𝑆 ∙ 𝑘𝑀𝑃𝑆−𝑃𝐸𝐺
∙ (1 − 𝜃𝑀𝑃𝑆−𝑃𝐸𝐺 ) − 𝑘𝑀𝑃𝑆−𝑃𝐸𝐺
∙ 𝜃𝑀𝑃𝑆−𝑃𝐸𝐺
𝑑𝑡
+
−
where 𝑘𝑀𝑃𝑆−𝑃𝐸𝐺
is the effective rate constant for MPS adsorption displacing PEG, and 𝑘𝑀𝑃𝑆−𝑃𝐸𝐺

is the effective rate constant for MPS desorption and displacement with PEG. When adsorption
reaches equilibrium,

𝑑𝜃𝑀𝑃𝑆−𝑃𝐸𝐺
𝑑𝑡

= 0. The current then reaches a constant value. The equilibrium

constant for displacement of PEG by MPS can be expressed as:

𝐾𝑀𝑃𝑆−𝑃𝐸𝐺

+
𝑘𝑀𝑃𝑆−𝑃𝐸𝐺
𝜃𝑀𝑃𝑆−𝑃𝐸𝐺
= −
=
𝑘𝑀𝑃𝑆−𝑃𝐸𝐺 (1 − 𝜃𝑀𝑃𝑆−𝑃𝐸𝐺 ) ∙ 𝐶𝑀𝑃𝑆

𝜃𝑀𝑃𝑆−𝑃𝐸𝐺
= 𝐾𝑀𝑃𝑆−𝑃𝐸𝐺 ∙ 𝐶𝑀𝑃𝑆
(1 − 𝜃𝑀𝑃𝑆−𝑃𝐸𝐺 )
Similarly, for displacement of BV by MPS,
𝜃𝐵𝑉 + 𝜃𝑀𝑃𝑆−𝐵𝑉 = 1
𝑖 = 𝑖𝐵𝑉 ∙ (1 − 𝜃𝑀𝑃𝑆−𝐵𝑉 ) + 𝑖𝑀𝑃𝑆 ∙ 𝜃𝑀𝑃𝑆−𝐵𝑉
Therefore,
𝜃𝑀𝑃𝑆−𝐵𝑉 = 𝑖

𝑖−𝑖𝐵𝑉
𝑀𝑃𝑆 −𝑖𝐵𝑉

(1.10)

𝑑𝜃𝑀𝑃𝑆−𝐵𝑉
+
−
= 𝐶𝑀𝑃𝑆 ∙ 𝑘𝑀𝑃𝑆−𝐵𝑉
∙ (1 − 𝜃𝑀𝑃𝑆−𝐵𝑉 ) − 𝑘𝑀𝑃𝑆−𝐵𝑉
∙ 𝜃𝑀𝑃𝑆−𝐵𝑉
𝑑𝑡
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+
where 𝑘𝑀𝑃𝑆−𝐵𝑉
is the effective rate constant for MPS adsorption with displacement of BV, and
−
𝑘𝑀𝑃𝑆−𝐵𝑉
is the rate constant for desorption of MPS and its displacement by BV. When equilibrium

is reached between adsorption and desorption,

𝐾𝑀𝑃𝑆−𝐵𝑉

+
𝑘𝑀𝑃𝑆−𝐵𝑉
𝜃𝑀𝑃𝑆−𝐵𝑉
= −
=
𝑘𝑀𝑃𝑆−𝐵𝑉 (1 − 𝜃𝑀𝑃𝑆−𝐵𝑉 ) ∙ 𝐶𝑀𝑃𝑆

where 𝐾𝑀𝑃𝑆−𝐵𝑉 is the equilibrium constant for displacement of BV by MPS.
𝜃𝑀𝑃𝑆−𝐵𝑉
(1−𝜃𝑀𝑃𝑆−𝐵𝑉 )

= 𝐾𝑀𝑃𝑆−𝐵𝑉 ∙ 𝐶𝑀𝑃𝑆
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(1.11)

Chapter II LITERATURE REVIEW

2.1 Mechanism of Superfilling
In order to achieve superconformal feature filling, accelerant, suppressor and leveler agents are
used in combination. Suppressors inhibit copper deposition, while they can be deactivated by
accelerants. Levelers play a role in the advanced stage of copper filling to eliminate protrusions on
the cathode surface over the filled features. There have been many studies on the mechanism of
action of the additives. Most of these focus on additive diffusion from the solution to the electrode,
adsorption behavior and interactions between the additives.
Because the deposition reaction takes place at a solid-liquid interface, mass transfer is an important
consideration. Suppressors are generally polyethers with high molecular weight in comparison
with accelerants. This structural difference between accelerants and suppressors results in a
diffusion coefficient of accelerant much higher than that of suppressor. Akolkar and Landau[8]
modeled the location-dependent growth of copper in feature filling based on diffusion-limited
transport and adsorption of the suppressor and accelerant on the metal surface. Diffusion played a
vital role especially when the transient additive interactions are significantly slower than the
overall filling process.
Even though the short-time kinetics of additive interplay is important, the equilibrium state of the
additive adsorption and desorption processes also contribute to the interpretation of the mechanism
of additives. It is generally believed that bottom-up or superfilling dynamics is the result of
competitive adsorption between rate-accelerating and rate-inhibiting species that form a layer on
the surface of the electrode[14]. The effects of the adsorbed layer may be divided into three kinds

23

by their functions: (i) blocking, in which the adsorbed layer blocks the electrode surface and
prevents the electrochemical reduction of metal ions through the adsorbed layer, (ii) accelerating,
in which electrochemical reduction of metal ions is accelerated by an increase in the heterogeneous
electron-transfer rate constant, and (iii) inhibiting, in which the electrochemical reduction of metal
ions is inhibited by means of decreasing heterogeneous electro-transfer rate constant[15].

2.2 Additives

2.2.1 Suppressor
The polyoxy ethylene family of surface active agents, used as additives in various metal plating
baths, play a decisive role in bright copper plating, through-hole plating and on-chip wiring copper
plating[2]. Polyethylene Glycol (PEG) was in use as a suppressor in bright plating decades before
the development of superfilling. As described above, Akolkar and Landau[8] have presented one
view of PEG’s role as the suppressor in the feature filling process. The time dependent diffusion
and adsorption of PEG in the feature interior results in PEG adsorption on the wall to inhibit copper
deposition and SPS adsorption at the bottom to enhance copper deposition. Similar suppressors
like poly-alkylated glycol(PAG) and polypropylene glycol(PPG) are also used as suppressors.
The mechanism of PEG adsorption on the electrode has been studied by a number of investigators.
It has been confirmed that PEG plays the inhibition role by combining with 𝐶𝑙 − in the electrolyte
and adsorbing on the metal surface. PEG inhibits copper electrodeposition significantly only when
the 𝐶𝑙 − concentration is sufficiently high. PEG alone adsorbs weakly on bare Cu surfaces.
Therefore, 𝐶𝑙 − is necessary to facilitate the PEG adsorption process.
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In addition to 𝐶𝑙 − , there remains the question if copper ions are necessary for suppressor
adsorption. Yokoi[16] showed that PEG forms a pseudo-crown moiety with 𝐶𝑢+ or 𝐶𝑢2+ by
coordination with the oxygen linkages in the backbone of the polymer. This complex adsorbs
strongly to the Cu surface via an electrostatic interaction when 𝐶𝑙 − is present on the surface.
Stoychev et. al[17] have attributed the inhibitory effect in part to the homogeneous formation of a
proposed complex structure involving 𝐶𝑢2+ , 𝐶𝑙 − , PEG and water molecules. Healy et al. in 1992[18]
postulated that a simple and neutral PEG molecule was adsorbed in the potential range of copper
deposition but not at the open circuit potential. Later electrochemical quartz crystal
microgravimetric (EQCM) studies supported Healy’s conclusion regarding the potential. The
author concluded that neither 𝐶𝑢+ nor 𝐶𝑢2+ was necessary to form the inhibiting surface layer[19].
In situ ellipsometric studies have revealed that PEG/𝐶𝑙 − adsorption is similar on copper, silver and
gold, and 𝐶𝑙 − is necessary for the formation of an adsorbed PEG layer at potentials positive of the
point of zero charge (pzc). The metal identity is not critical for PEG layer formation[20].
Additionally, since PEG is a large molecule with various molar weights from hundreds to
thousands, the variation of PEG molecular weight also affects copper electrodeposition. Yokoi[16]
pointed out that PEG with lower molecular weight produces weaker suppression than PEG with
molecular weight of 20,000. West et al. reported a significant difference in the desorption of PEG
with different molecular weights by electrochemical methods. Similar polarization behavior was
observed with solutions containing PPG or triblock copolymers of PEG-PPG. The nature of the
suppressor molecule, including the molar weight and structures, determines its adsorption and
desorption characteristics[21].
A new classification of suppressor additives has recently been advanced based on the fact that the
particular mode of action of the suppressor may be significantly altered by the presence of other
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additive components in the plating bath. When a combination of additives is present in the
electrodeposition system, complex molecular ensembles form at the interface through either
synergistic or antagonistic interactions. These may either accelerate or suppress copper
electrodeposition[22]. In this scheme, a type-I suppressor interacts antagonistically with the
accelerant, and the accelerant deactivates the suppressor. Poly alkylene glycols in general and PEG
in particular are type-I suppressors. This type is useful for superfilling. A type-II suppressor
interacts synergistically with the accelerant to form a strongly inhibiting complex. This type is
useful as a leveler. An example is polyethylene imine. Type-III suppressors may act in either
manner depending on the sequence with which the additives are introduced into the bath.

2.2.2 Accelerant
Accelerants, also called brighteners, contain a thiol or a disulfide group or both. Two related
chemicals, 1-mercapto-3-sulfanic acid (MPS) and disodium bis-(3-sulfopropyl)-disulfide (SPS),
are widely used as accelerants in copper electrodeposition. SPS is the dimer of MPS. Fig.2.1 shows
the structures of the SPS and MPS molecules.

MPS
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SPS
Figure 2.1 The structures of SPS and MPS[2]

It is known that thiol or disulfide functionalities can chemisorb strongly on copper surfaces. The
sulfur-sulfur bond in SPS is unstable and easily cleaved by reduction at the metal surface to
produce MPS. The adsorbate-substrate interaction between sulfur and copper is strong. Based on
this fact, a monolayer can be formed by the Cu-S interaction when MPS is adsorbed on the copper
electrode. In addition, 𝐶𝑢+ , the intermediate for copper electrodeposition, can form insoluble
cuprous thiolates. From this point of view, addition of MPS or SPS to the electrolyte in the absence
of a suppressor does not produce acceleration but rather inhibition of copper deposition[22].
In the presence of 𝐶𝑙 − , cuprous thiolate doesn’t precipitate because of interactions between 𝐶𝑢+
and 𝐶𝑙 − both on the copper surface and in the electrolyte. In the presence of both SPS and 𝐶𝑙 − ,
SPS competes with 𝐶𝑙 − for adsorption sites on copper. Some authors have proposed that adsorbed
CuCl species coordinate with sulfonate end groups to attach to the electrode[23]. Others suggest the
water soluble complex [Cu(I)ClMPS]- is formed[22,24].
In the presence of both PEG and 𝐶𝑙 − , addition of SPS greatly depolarizes copper electrodeposition.
Moffat et al.[25] concluded that the short chain disulfide or thiol molecules with a sulfonate-end
group lead to the disruption and/or displacement of the passivating surface complex formed by
interaction between PEG and 𝐶𝑙 − resulting in acceleration of the metal deposition rate. Hai et
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al.[24] proposed that SPS works as anti-suppressor by inter-diffusing into the PAG/Cl film and
disrupting it. In this model, 𝐶𝑙 − is displaced by the MPS thiolate group. Experiments showed that
the activated SPS species is bound to the copper surface and that even addition of PEG to the
SPS/Cl- system produced little change to the adsorbed layer thickness[14]. Broekmann provided a
new viewpoint about the injection of PAG into 𝐶𝑙 − and SPS containing electrolyte. He pointed
out that PAG adsorbs on the 𝐶𝑙 − through specific adsorption. By contrast, PAG adsorbed on the
sulfate modified surface by non-specific interactions like van-der-Waal interactions and
hydrophobic effects is more weakly bounded[22].
MPS, another commonly applied accelerant, exhibits electrochemical behavior that is similar to
that of SPS. Experiments suggest that the anionic sulfonate end groups of MPS or SPS are
responsible for the disruption of the inhibiting PEG layer while the disulfide /thiol/thiolate group
tethers the molecule to the metal surface[25].
However, the difference and relation between MPS and SPS in the copper deposition are still
controversial. The potential dependence of the Cl-PEG-SPS system is much stronger than that of
Cl-PEG-MPSA system[26]. Walker et al.[14] compared the adsorption of MPS and SPS on the Cu
film by in-situ spectroscopic ellipsometry. They found MPS is far more effective in displacing
PEG than SPS and a lower MPS concentration in feature filling is needed in comparison with SPS.
He pointed out that the molecular structure difference between the thiol and disulfide produced
different impacts on the kinetics of PEG displacement. The adsorption kinetics of thiols and
disulfides are similar, but the displacement kinetics of thiols are much faster than those of the
disulfides. The conversion between MPS and SPS and possible reactions in the electrolyte include:
𝑆𝑃𝑆 + 2𝐻 + + 2𝑒 − ↔ 𝑀𝑃𝑆
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4MPS + 2𝐶𝑢(𝐼𝐼) → 2𝐶𝑢(𝐼)𝑡ℎ𝑖𝑜𝑙𝑎𝑡𝑒 + 𝑆𝑃𝑆 + 4𝐻 +
𝐶𝑢(𝐼) + 𝑆𝑃𝑆 ↔ 2𝐶𝑢(𝐼𝐼) + 2𝐶𝑢(𝐼)𝑡ℎ𝑖𝑜𝑙𝑎𝑡𝑒
𝐶𝑢(𝐼) + 𝑀𝑃𝑆 ↔ 𝐶𝑢(𝐼)𝑡ℎ𝑖𝑜𝑙𝑎𝑡𝑒 + 𝐻 +
Garcia-Cardona et al.[27] concluded that MPS reacts with CuCl to yield Cu(I)-thiolate products
with no evidence for the formation of Cu(I)-SPS complex in the solution, so it is possible that SPS
dissociates to MPS or Cu(I)-thiolate during copper electrodeposition. A study of other accelerants
like 3,3-thiobis-1-propanesulfonic acid (TBPS) has proved that MPS is adsorbed directly on the
chloride-covered copper electrode[28]. Hai et al.[24] proposed a detailed SPS and MPS conversion
mechanism on the electrode and nearby on the molecular level to affect the accelerant action. SPS
is electro-reduced to MPS. Then MPS reduces 𝐶𝑢2+ to produce a 𝐶𝑢+ thiolate complex with
regeneration of SPS. The 𝐶𝑢+ thiolate complex is reduced to produce copper metal and MPS. A
schematic representation of the SPS reaction cycle is shown below:
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Figure 2.2 Schematic diagram of the SPS reaction cycle. 1. SPS physisorption on Cl layer;
2. SPS dissociation on Cu; 3. MPS/Cl phase formation; 4. MPS desorption(re-adsorption);
5. MPS oxidation[24]

2.2.3 Leveler
Levelers play a vital role in via filling performance by reducing the formation of protrusions above
filled features during the late stage of copper electrodeposition. Without a leveler, the excess
copper built above the feature hampers the subsequent chemical mechanical planarization (CMP).
Ideally the leveler goes into action after the features having been filled and produces a planar
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copper surface on top of the feature. Levelers are typically nitrogen-containing, cationic organic
additives which can be polymeric or monomeric, including simple alkytrimethyl-ammonium salts,
crystal violet, Janus Green B dyes (JGB), benzotriazole, polyethyleneiine (PEI) or certain aromatic
variants.
The mechanism of leveling has been studied for many decades long before the advent of
superfilling. Generally, it is believed that levelers are adsorbed on the electrode and suppress
copper electrodeposition analogously to PEG. The functional difference between levelers and
suppressors is that the leveler plays its role at the end stage to inhibit a protrusion formed but the
suppressor works in the earlier stage to adsorb on the upper side of the wall. The mechanistic
difference is that levelers are consumed at the interface, and their interfacial concentration is
diffusion limited. The result is that they most effectively inhibit deposition at the most accessible
points of the surface. Several studies have pointed out that suppressors can be deactivated by
accelerators but that levelers cannot be. Kim et al.[29] studied the additive poly ethylene imine, or
PEI, by electroanalytical methods and trench filling experiments. He concluded that PEI leads to
the inhibition of metal deposition by adsorption, which is similar to PEG-Cl. However, PEI could
deactivate the adsorbed SPS accelerator through an ion-pairing interaction between the cationic
imine group of PEI and the anionic tail group of the adsorbed SPS. Later, Moffat et.al[30] added
that levelers could displace the accelerator due to the changes of surface area inside the filling
feature (CEAC model). However, he didn’t explain clearly how the leveler worked in the CEAC
model. One important prediction of the CEAC model is the sustained acceleration of copper
deposition after feature filling. Dow et al.[31] using galvanostatic measurements of several levelers
including JGB, diazine black, methylene violet, safranine O and Alcian blue proved that the MPS
adlayer can be displaced by levelers. He concluded that the amino groups play an important role
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in the leveler function, and that a leveler with more amino groups more rapidly displaces the MPS
adlayer. Li et al.[32] explained that levelers work at the late stage of copper deposition due to
potential dependent adsorption. He said that the reduction product of JGB is the real leveler and it
is adsorbed at more negative potentials.
Broekmann et al.[22] provided a different view of levelers which he defined as type II suppressors
that act synergistically with SPS. In contrast, type I suppressors act antagonistically with SPS. The
leveler molecules adsorb on the electrode by a non-specific ion pairing effect. Studies on various
levelers with different functional groups showed that -SH and =S was the most active sites for
leveler to be adsorbed on Cu surface[33] .
Benzyl Viologen Dichloride (𝐵𝑉𝐶𝑙2) is a leveler. 𝐵𝑉 2+ can be reversibly transformed into 𝐵𝑉 +
and be further converted to uncharged BV according to the following reactions[34][33]:
𝐵𝑉 2+ + 𝑒 ↔ 𝐵𝑉 +
𝐵𝑉 + + 𝑒 ↔ 𝐵𝑉 0
Pham et al.[35],[36] studied BV adsorption by cyclic voltammetry. They reported that the interaction
between the viologen film and the chloride lattice was weaker than the Cu-Cl interaction.
𝐵𝑉 2+ adsorbed on the electrode by electrostatic interactions with negatively charge chloride lattice
pre-adsorbed on the Cu(100). While 𝐵𝑉 + adsorption on the electrode relies on intermolecular
interactions with pronounced steric effects and with a pattern independent of the substrate structure.
Therefore, when 𝐵𝑉 2+ is reduced to 𝐵𝑉 + , the viologen film on the electrode changes from the
𝐶𝑙 − based pattern with 𝐵𝑉 2+ adsorption to a new strip pattern by polymer chains of adsorbed
𝐵𝑉 + molecules. At more negative potentials 𝐶𝑙 − desorption results in decay of the strip pattern.

32

2.2.4 Chloride Ions
As one of a few non-organic additives, 𝐶𝑙 − plays a vital role in the adsorption of additives in
copper deposition. First, addition of 𝐶𝑙 − to the CuSO4 electrolyte increases the copper
electrodeposition rate. Moffat et al.[36] attributed this to enhanced electron transfer in the ratedetermining step because the intermediate 𝐶𝑢+ forms a bridge bonding with 𝐶𝑙 − . Wu[2] pointed
out that 𝐶𝑙 − is much more readily adsorbed on metal surface than sulfate, and, therefore, 𝐶𝑙 − can
be adsorbed on the electrode even in the presence of sulfate. An increase in the reaction rate of
copper electrodeposition is caused by the complexation of the adsorbed 𝐶𝑙 − and 𝐶𝑢+ . Wilm et al.
[38]

explained that the adsorbed species induce a high surface mobility of copper adatoms. The step

dynamics are attributed to surface diffusion rather than diffusion through the solution phase. Other
possible intermediate products including CuCl, 𝐶𝑢𝐶𝑙 − and 𝐶𝑢𝐶𝑙23− may be formed during the
process. It is worth mentioning that CuCl(s) can be formed as a precipitate at the interface when
the 𝐶𝑙 − concentration exceeds 1mmol/L in the copper plating bath. The cathodic reduction process
can then be blocked due to the CuCl film formation[37].
In addition, 𝐶𝑙 − has been regarded as required both for PEG-derived inhibition and MPS/SPS
catalysis. The ability of PEG to act as a suppressor is affected by the concentration of Cl− in the
electrolyte[18]. The reason is that the surface coverage of Cl− adsorbed on the electrode determines
the possible sites for PEG adsorption to inhibit copper deposition. Furthermore, the adsorption of
a PEG-Cl layer on copper is potential dependent. Very negative potentials result in Cl− desorption
and breakdown of the PEG adlayer. Therefore, PEG cannot effectively attach to the copper surface
without Cl− . Dow et al.[39] suggest that the practical acceleration effect on copper deposition is
caused by the synergistic effect between the 𝐶𝑙 − and MPS rather than the MPS alone. MPS in the
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electrolyte may reduce 𝐶𝑢2+ to 𝐶𝑢+ and promote formation of CuCl crystals on the surface so that
the reduction rate of 𝐶𝑢2+ increases. Therefore, it can be considered that the combination of MPS
and 𝐶𝑙 − acts as the conductive bridge for electron transfer to enhance the 𝐶𝑢2+ reduction
rate[39],[40].

2.3 Parameters that Influence Additive Adsorption
Electroadsorption on the electrode-electrolyte interface has been studied for a long time and the
important process parameters have been investigated. In 1967, Quiroz[41] studied the
electroadsorption of benzene on a polycrystalline Pt electrode and observed that adsorption was a
function of the benzene concentration, time and potential.
In copper electrodeposition, potential, additive concentration and temperature are recognized as
the most obvious parameters that influence adsorption. Additive adsorption/desorption influenced
by potential have been widely studied by various electroanalytic methods. The influence of
temperature on interfacial phenomenon is easy to understand from a thermodynamic point of view,
while the effect of additive concentration on adsorption has also been demonstrated experimentally
and theoretically.
Cyclic voltammetry in 0.01M HClO4 + 1M KCl solution shows that adsorption of 𝐶𝑙 − on copper
is

potential

dependent.

𝐶𝑙 −

adsorption

and

desorption

was

observed

between

-0.1V and -0.5V versus SHE. When the potential is more positive than -0.1V vs. SHE, an ordered
adsorbed layer of C ( 2×2 ) Cl forms on the Cu (100) electrode surface[2]. During copper
electrodeposition, 𝐶𝑙 − forms compact ordered adlayers on the Cu surface at potentials relevant to
Cu electroplating. At the most negative potentials, a phase transition from ordered to disordered
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layer occurs with less Cl− adsorbed than is the case with the compact ordered layer[30]. One study
showed the potential-dependent interaction between copper and its ions, chloride and PEG. The
intensity of the Cu-Cl mode decreased with decreasing potential, whereas the strongest polyether
mode was only weakly dependent on potential[42]. Adsorption/desorption of the coppersuppressor-chloride complex in solutions without accelerator and leveler was reported to happen
at a critical potential that depends on the pH, chloride concentration, cupric ion concentration and
suppressor concentration[43]. Walker et al.[44] studied the competitive adsorption of PEG, 𝐶𝑙 − and
SPS/MPS at different potentials by in situ ellipsometry. Results showed that the thickness of the
PEG layer was similar at all potentials but the ellipsometric response for Cl− is a function of
potential. Similarly, the adsorption of MPS was similar at all potentials, but SPS adsorption varied
as the potential was made more negative. Willey and West[45] used a microfluidic electrochemical
device to study the adsorption and desorption of additives in the plating electrolyte. Results showed
that acceleration of copper deposition, activated by adsorbed SPS species, was a function of SPS
concentration and applied cathodic potential. The simulation supported hysteretic adsorption and
desorption of PEG during copper deposition that is a good match with experimental results. Yang
et al.[46] pointed out that PEG adsorption/desorption was dependent on additional factors, like scan
rate, bath composition and the PEG molecular weight.

2.4 Sequential Injection and Co-injection Methods
As discussed above, cyclic voltammetry and chronoamperometry are two widely applied methods
for analysis of process parameters and for development of an understanding of the mechanism of
adsorption in electrodeposition. However, since one additive always plays its role by interacting
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with other additives in the electrolyte, improved methods, like the “sequential injection technique”
and the “simultaneous injection technique”, are commonly used to study the function and
mechanism of additives. These screening techniques are based on measurement of the
current/potential response to a sequential injection of an additive followed by the injection of
another one or the injection of combination of various additives simultaneously during copper
electrodeposition. This method is commonly applied to a rotating disk electrode (RDE) being
plated under constant voltage or current. The step shaped current/potential transient response
resulting from addition of additives reflects the sequential adsorption and competitive adsorption
of the additives on the electrode surface. Broekmann[22] injected each additive in sequence at given
intervals during deposition to explore the interaction between additives. Boehme and Landau[47]
used co-injection of additives to study time-dependent competitive adsorption between PEG and
SPS with a rotating disk and provided models for determination of the kinetic parameters by the
observed transients.
Lu[48] performed galvanostatic measurements (GM) with injection of suppressor at increasing
concentrations at two rotation speeds to prove that filling performance is not only dependent on
the deposition potential but is also affected by the potential shift caused by the additions. Tao et
al.[49] also used GM to study additive function at two rotation speeds with various additives injected
sequentially. The function of additives and the diffusion influence on the copper deposition could
be inferred from the GM curve.
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2.5 Research Objectives
There are few direct measurements of the coverage of copper surfaces by common filling additive
during plating, and limited information is available for the surface chemistry of additives as a
function of concentration. Current reports about the leveler mainly focus on the leveling effect.
There are still no reports about its detailed adsorption behavior and fitting to an adsorption model.
In addition, there are fewer studies on levelers than on suppressors. Comparing with these two
additives, there are still many questions about the consistency and difference of PEG and BV
mechanism. Can the accelerant de-activate the leveler too? How does BV adsorption and its
displacement by MPS occur?
Therefore, the goal of this research was to obtain the appropriate adsorption model for MPS with
low concentrations displacing PEG or BV during copper electrodeposition based on adsorption
thermodynamics. This will help to further understand the function of MPS in the additives
adsorption and desorption process. Also, the adsorption mechanism of BV can be well understood
by fitting the adsorption model.
This study is built on the competitive adsorption model that the adsorbed PEG is displaced
progressively from the interface by potential-dependent MPS adsorption and CEAC model that
any surface not covered by the accelerant is covered by suppressor. The adsorbed BV and its
displacement by MPS follow the same assumption as for the PEG system. Chronoamperometry
provides a direct and quantitative method to determine the fractional coverage of additives at
various MPS concentration and the free energy of adsorption of these molecules on metal surfaces
can be estimated.
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CHAPTER III

EXPERIMENTAL APPARATUS AND PROCEDURES

3.1 Apparatus and Set Up

3.1.1 Electrolysis Cell
A 250ml three-neck jacketed flask was used as the electrolysis cell with three electrodes coupled
through the necks. The working electrode was inserted into the center neck (24/40). The reference
and counter electrodes were inserted into the two side necks(14/20).
A 5.0mm diameter platinum rotating disk electrode (Pt-RDE) was used as the working
electrode(WE). The Pt-RDE comprised a platinum disk embedded in an inert Teflon cylinder,
screwed onto a steel shaft (PINE Co.) and connected to a variable-speed rotator (PINE Model
MSR).
A 99.99% platinum wire was used as the counter electrode(CE). It was placed in a glass tube with
a fritted end to isolate the solution around the counter electrode from the solution in the main
compartment of the cell. A commercial Ag/AgCl electrode (PINE Co, F0DR0021) was used as the
reference electrode(RE).

3.1.2 Circulating Bath
A Cole-Parmer Polystat CC1080 sealed circulator was used to maintain a constant temperature of
the electrolyte solution in the cell. It was connected to the jacketed flask by two rubber hoses, a
supply and a return. By circulation of the bath fluid in this closed system, heat was transported
between the bath fluid and electrolysis cell to control the temperature of the electrolyte solution.
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3.1.3 Electrochemical Instrumentation
A WaveDriver 20 bipotentiostat (EG&G PARC) connected to a PC was used to control and
measure the potential and current through cable connections with the three electrodes. With the
control software (AfterMath) installed on the computer, the potential between the working
electrode, the counter electrode and the current in the circuit were controlled or measured. A pine
MSRX rotator was connected to the bipotentiostat and the RDE to control the rotation speed of the
working electrode.

3.1.4 Other Apparatus
A Milipore Milli-Q ultrafiltration system was used to prepare purified water with a resistivity of
18MOhm. A EDVOTEK micropipet with range of 1-5ml (Model 66217) and a Eppendorf pipette
with range of 20-200 𝜇𝐿 (Model G25034C) were used to measure the volume of the additive
solution.

3.2 Chemical Reagents
Base solutions contained 0.95M sulfuric acid (J.T.Baker, 96.6%), 0.012M cupric sulfate(Fisher
Scientific). 𝐶𝑙 − was added in the form of sodium chloride (J.T.Baker).
Benzyl viologen dichloride (BV) (Sigma-Aldrich Co.) was used as the leveler with various
concentrations for the experiments. Sodium 3-mercapto-1-propanesulfonate(sigma-Aldrich,
90%)(MPS) worked as the accelerant. Poly(ethylene glycol)(PEG)(Sigma-Aldrich Co.) was used
as the suppressor. Nitric acid(VWR, ACS) and ethanol were used to clean the electrode.
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3.3 Experimental Procedure

3.3.1 Cleaning
The jacketed reactor was washed with Alconox detergent glass cleaner and rinsed with tap water
prior to use. Then it was rinsed with ultrapure water and dried in the air.
Before the experiment, the working electrode was cleaned by immersion in 75%(V/V) HNO3 to
remove any deposited copper layer remaining on it. Then it was rinsed by ethanol and ultrapure
water three times. Chem Wipes were used to adsorb remaining liquid from the platinum surface.
The Ag/AgCl reference electrode was cleaned with ultrapure water. The platinum wire counter
electrode was also cleaned with ultrapure water. The tube for the counter electrode was rinsed with
ultrapure water three times, filled with ultrapure water and allowed to drain through the frit with
the help of slight positive pressure provided by compressed air.

3.3.2 Solution Preparation
Cupric sulfate pentahydrate was added to 0.95M 𝐻2 𝑆𝑂4 solution to prepare 100mL of the base
solution. Concentrated additive solutions were prepared using the 0.95M 𝐻2 𝑆𝑂4 solution to match
the pH value of the electrolyte. NaCl was prepared in a 100 fold concentrated solution with 0.5g/L
𝐶𝑙 − so that addition of 1 mL NaCl concentrated solution into 100 mL base solution produced a
concentration of 50ppm 𝐶𝑙 − . MPS, BV and PEG were also prepared in concentrated solution so
that 1 mL adds to the 100 mL base solution would produce the desired additive concentration in
the electrolysis cell. MPS, BV and PEG solutions were prepared the day of experimentation to
avoid any aging effect.
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3.3.3 Experiment
(1) The electrolysis cell was filled with 100mL of base solution, and a RDE was inserted into the
cell. The RDE was rotated at 400 rpm to agitate the solution and promote heat transfer from the
jacket. The bath fluid was agitated for 30 min before the experiments allowing the electrolyte to
reach the set temperature.
(2) The working electrode RDE was then plated with copper in the additive-free bath at a rotation
speed of 1000rpm and a current of 4mA (a current density of 20.4mA/cm2) for 60 seconds.
(3) The concentrated additive I solutions were then injected with small volumes into the cell using
a pipet. The RDE was rotated at the chosen experimental rotation rate for 10 min before
chronoamperometry scans were initiated.
(4) Chronoamperometric curves were obtained at different conditions (e.g. temperature and
potential). The default rotation speed was 400 rpm on all of the experiments except those carried
out to determine the effect of rotation speed. During the scan, the concentrated additive II solutions
were added in small volumes to gradually increase the concentration in the cell. Fig.3.1 shows a
schematic of the sequential injection of additive I and additive II before and during the
chronoamperometric measurement.
(5) All glassware and electrodes were cleaned after the experiments.
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Figure 3.1 Schematic of sequential injection of additive I and additive II

3.4 Experimental Conditions
Table 3.1-3.3 shows the composition of electrolyte, including the additive I and additive II for each
set of measurements. All sets have the same base solutions.
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Table 3.1 Experimental matrix (BV adsorption)
Experimental
No.

Additive I

Additive II

Temperature

Potential

(K)

(V)

1#

-0.01

2#

-0.02

3#

298

4#

rate
(rpm)

-0.04
-0.06

5#

BV with

6#

increasing

288

concentrations

298

7#

Rotation

50ppm Cl-

-0.08

8#

from 0.01ppm to

308

9#

10ppm

318

10#

288

11#

298

12#

308

13#

318
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400
-0.01

-0.02

Table 3. 2 Experimental matrix (Displacement of BV by MPS)
Experimental

Additive I

No.

Additive II

Temperature(K) Potential(V)

1#

-0.02

2#

-0.04

3#

298

rate(rpm)

-0.06

4#

-0.08

5#

-0.1

6#

Rotation

288

7#

10ppm BV

298
-0.02

8#

308

9#

318
MPS with

10#
11#
12#

increasing

50ppm
Cl

concentrations

-

from

13#

0.001ppm to

14#

0.1ppm BV

15#

0.5ppm BV

16#

1ppm BV

17#

5ppm BV

18#

10ppm BV

19#

20ppm BV

288
298

400
-0.04

308
318

10ppm

298

-0.04

20#

100

21#

400
10ppm BV

298

-0.04

22#

900

23#

1600
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Table 3. 3 Experimental matrix (Displacement of PEG by MPS)
Experiment
al No.

Additive I

Additive II

Temperature
(K)

1#

Potential (V)

Rotation rate
(rpm)

-0.04

2#

-0.06
298

3#

-0.08

4#

10ppm

MPS with

5#

PEG3400

increasing

288

concentration

298

7#

s from

308

8#

0.001ppm to

318

9#

10ppm

6#

10#
11#

50pp
m Cl-

-0.1

-0.1

-0.04
-0.06

10ppm

298

PEG8000

-0.08

12#

-0.1
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400

CHAPTER IV RESULTS AND DISCUSSION

4.1 BV Adsorption

4.1.1 Cyclic Voltammetry (CV) for Solutions Containing BV without Cupric Electrolyte
We began by performing cyclic voltammetry on solutions containing BV but no copper. The
purpose was to identify any faradaic reactions that BV may undergo in the potential range of
interest.

Figure 4.1 Cyclic voltammetry for BV in the 0.95M 𝐻2 𝑆𝑂4 solution.
(Sweep rate:0.05V/s; T=298K)
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When the electrolyte contains 10mM BV, 𝐵𝑉 2+ is adsorbed on the platinum electrode surface by
ion pairing with 𝐶𝑙 − that is present on the substrate due to specific adsorption. A scan through the
potential window between -0.1V and -0.9V shows that BV does go through charge transfer
processes in this system (see Fig.4.1). The peaks labeled P1 to P6 show redox processes. Obviously,
P6 is identified with the hydrogen evolution reaction (HER). When the potential was more negative
than -0.8V(vs. Ag/AgCl), 𝐻 + was reduced to H atoms which then formed hydrogen molecules at
the cathode and produced bubbles. P3 and P5 represent the main steps in the reduction of 𝐵𝑉 2+ :
𝐵𝑉 2+ + 𝑒 ↔ 𝐵𝑉 +

(4.1)

𝐵𝑉 + + 𝑒 ↔ 𝐵𝑉 0

(4.2)

Bard and Faulkner reported these two reductions potentials for BV with E1=-0.359V and E2=0.573V[3], which is more positive than the reduction potential values from Fig.4.1. The CV curves
also showed an abrupt adsorption wave from P2 with -0.46V. According to Bird[50], when the
quantity of 𝐵𝑉 + adsorbed on the electrode surface approaches a critical value, the adsorbed
molecules re-orient from an oblique to a vertical configuration. As a result, the adsorption of 𝐵𝑉 +
increases abruptly due to π-electron interactions with the substrate. The conproportionation
reaction (𝐵𝑉 2+ + 𝐵𝑉 0 ↔ 2𝐵𝑉 + ) may occur both in the solution and at the surface of an electrode.
That explains why there are two small peaks after P3 and P5 which indicate that 𝐵𝑉 + reduction is
retarded by the conproportionation reaction. The oxidation of 𝐵𝑉 + also contributes to the CV
curve. Bird proposed that the viologen cation radical reacts rapidly with oxygen. The reaction may
be the following or an even more complex mechanism[50].
1
𝐻2 𝑂 + 2𝐵𝑉 + + 𝑂2 = 2𝐵𝑉 2+ + 2𝑂𝐻 −
2
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By comparison of experiments at rotation speeds of 1000rpm and 1600rpm, it can be inferred that
reaction (4.1) is diffusion influenced and that reaction (4.2) is under kinetic control when the
rotation speed is greater than 1000rpm.

4.1.2 Cyclic Voltammetry for Solutions Containing BV with Cupric Electrolyte
The following set of experiments explored the effect of BV adsorption on the Cu electrode in
cupric sulfate solution. The potential window of the Cu electrode in the pure supporting electrolyte
(with 50 ppm 𝐶𝑙 − ) was limited by two chemical reactions, the oxidative copper dissolution at the
anodic limit and the reductive hydrogen evolution reaction (HER) at the cathodic limit. Fig.4.2
shows cyclic voltammetric results for 0.012M 𝐶𝑢𝑆𝑂4 and 0.95M 𝐻2 𝑆𝑂4 solution with BV present
in concentrations from 0 to 10 ppm.
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Figure 4.2 Cyclic voltammetry for BV in the 0.95M 𝐻2 𝑆𝑂4+ 0.012M 𝐶𝑢𝑆𝑂4 solution
(sweep rate:0.1V/s; T=298K)

From Fig.4.2, the CV curve showed little change when BV was added in concentrations from 0 to
0.05 ppm. The HER shifted to more negative potentials when 10ppm BV was added to the
electrolyte, which demonstrates a pronounced inhibiting effect of 𝐵𝑉 2+ on the HER. This result is
in accord with a previous study[36] which found that the presence of BV adsorbed on the copper
surface under reductive conditions blocks reactive sites for the HER. In all, BV hindered the copper
deposition rate, increased the electrodeposition overvoltage and increased the anodic potential
peaks in the positive direction.
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4.1.3 Chronoamperometry (CA) with BV Injection
BV works analogously to PEG during the electrodeposition process in that it can suppress the rate
of copper electrodeposition. The accelerant MPS can also displace the adsorbed leveler BV during
copper electrodeposition. The adsorption behavior of BV and MPS during electrodeposition was
investigated by chronoamperometry.

(a)
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(b)
Figure 4.3 (a)Chronoamperometry for BV adsorption from 0 ppm to 0.2 ppm at -0.01V(vs.
Ag/AgCl), T=298K. (Solid line arrow: inject BV 0.01ppm in the electrolyte each time; Dash line
arrow: inject BV 0.02ppm in the electrolyte each time), (b) Equilibrium fractional coverage for
BV adsorption from 0 ppm to 0.2 ppm at -0.01V (vs. Ag/AgCl), T=298K

Fig.4.3(a) shows the current response upon transition from a 𝐶𝑙 − containing electrolyte to a 𝐶𝑙 −
and BV containing electrolyte with various BV concentrations at -0.01V (vs. Ag/AgCl). The cyclic
voltammetry experiments showed that copper electrodeposition at -0.01V (vs. Ag/AgCl) is under
kinetic control. The decline of the cathodic current shows the intrinsic inhibition function of BV
as a suppressor[45]. Before adding BV, 𝐶𝑙 − in the electrolyte is adsorbed on the copper surface.
When the plating potential was applied, 𝐵𝑉 2+ in the electrolyte coupled with specifically adsorbed
𝐶𝑙 − by the anion/cation-pairing effect[36]. However, whether cuprous ions are active constituents
of this leveler ensemble is still unclear.
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When the current reached a steady-state value after addition of BV to a given concentration, the
adsorption of BV on the electrode was deemed to have reached equilibrium. The time to reach a
steady-state current was longer at lower BV concentrations and shorter at higher BV
concentrations, which indicates that adsorption equilibrium was reached more rapidly at higher
BV concentrations in accord with adsorption kinetics and mass transfer. When the BV
concentration was higher than 10ppm, the inhibition effect no longer increased with addition of
BV indicating complete coverage of the surface. The equilibrium fractional surface coverage of
BV can be calculated with Eq.1.7 for each BV concentration. The relation between BV
concentration and equilibrium fractional surface coverage 𝜃𝐵𝑉 is shown in Fig.4.3(b). With
increasing BV concentration in the electrolyte, the equilibrium fractional surface coverage
increased gradually until the electrode was fully covered. 𝜃𝐵𝑉 increased almost linearly with BV
concentration from 0.01ppm to 0.05ppm. However, when the BV concentration was higher than
0.05ppm, 𝜃𝐵𝑉 increased more slowly as shown in Fig.4.3(b).
The adsorption of leveler and the interaction with other additives on the electrode surface can be
compared with various adsorption isotherms. The relatively simple Langmuir isotherm is based on
the assumption that interactions between adsorbed molecules can be neglected. From the results
of Fig.4.3, BV adsorption with concentrations from 0ppm to 0.05ppm was fitted to Langmuir
Isotherm. The general Langmuir adsorption isotherm equation is given as Eq.1.3.
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(a)

(b)
Figure 4.4 (a) Chronoamperometry for BV adsorption at -0.01V(vs. Ag/AgCl), T=298K (Solid
line arrow: inject BV 0.01ppm in the electrolyte each time; Dash line arrow: inject the BV
𝜃
10ppm to saturate the electrode); (b) 1−𝜃𝐵𝑉 as the function of BV concentration
𝐵𝑉

(The value for 𝜃𝐵𝑉 was determined by taking the average of three repeated experiments)
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In fact, complete coverage of BV adsorption occurred when the BV concentration was higher than
10ppm. Therefore, chronoamperometry tests with low BV concentrations (0ppm-0.05ppm) were
carried out first, and then BV was added to 10ppm to determine the current associated with
𝜃

complete BV coverage as shown in Fig.4.4(a). A linear regression of 1−𝜃𝐵𝑉 vs. BV concentration
𝐵𝑉

going through the origin is shown in Fig. 4.4(b). The correlation coefficient (R2) was used to
determine the best linear fitting for the Langmuir isotherm equation. R2>0.99 indicated a good fit
between the isotherm equation and the experimental results. The slope of the fitted line gives the
parameter K in the Langmuir expression which is related to the Gibbs free energy of adsorption.
The order of kinetics equals 1, which supports the assumption that the interaction between the
adsorbed ensembles can be ignored.
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4.1.4 The Effect of Potential on BV Adsorption

Figure 4.5 The equilibrium fractional coverage of BV as a function of the electrode potential at
T=298K
(The value for 𝜃𝐵𝑉 was determined by taking the average of three repeated experiments)

Table 4.1 Equilibrium constant at various potentials for BV adsorption (T=298K)
Potential (V)

K

R-square

-0.01

271

0.998

-0.02

287

0.998

-0.04

248

0.967

-0.06

9.10

0.967

-0.08

2.79

0.931
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From Fig.4.5, the equilibrium fractional coverage of BV is potential dependent. When the potential
was shifted negative to -0.04V (vs. Ag/AgCl), there was a sharp decrease of the equilibrium
fractional coverage indicating that most of the adsorbed BV desorbed from the electrode surface.
Based on the Langmuir Isotherm model, the equilibrium constant K was calculated at various
𝜃

potentials by fitting the linear plot of 1−𝜃𝐵𝑉 versus BV concentration through the origin. K (the
𝐵𝑉

slope), and the correlation coefficients are shown in Table 4.1. When the applied cathodic potential
(vs. Ag/AgCl) reached -0.04V, there was a sharp decline in K from 248 to 9.1. Higher K means
greater adsorption. It is clear that BV is expelled from the surface at more negative potentials.
Increasingly negative potential also provides an increasing driving force for copper deposition.
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4.1.5 The Effect of Temperature on BV Adsorption

Figure 4.6 The equilibrium fractional coverage of BV as a function of temperature at -0.02V
(vs. Ag/AgCl)
(The value for 𝜃𝐵𝑉 was determined by taking the average of three repeated experiments)

Table 4.2 Equilibrium constant at various temperatures for BV adsorption at -0.02V(vs.
Ag/AgCl)
Temperature(K)

K

R-square

288

434

0.986

298

284

0.998

308

109

0.999

318

28.3

0.999
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A series of chronoamperometry experiments were conducted at various temperatures from 288K
to 318K, and the Langmuir Isotherm was applied to the data. Fig.4.6 shows the equilibrium
fractional coverage of BV as a function of temperature at a potential of -0.02V(vs. Ag/AgCl). At
constant BV concentration, 𝜃𝐵𝑉 decreased with increasing temperature. Also, the influence of
temperature on 𝜃𝐵𝑉 declined with increasing BV concentration.
𝜃

The relation between 1−𝜃𝐵𝑉 and BV concentrations showed very good linear relationship (𝑅 2 >
𝐵𝑉

0.98), which means the adsorption of BV on the copper electrode fits with the Langmuir model
very well at all of the temperatures examined (Table 4.2). The adsorption energy can be calculated
from the slope and the intercept of a plot of lnK versus 1/T using:

K  K 0  exp(

Gads
)
RT

Gads  H  T  S

(4.3)
(4.4)

Where K0 is the equilibrium constant at the standard state that is chosen as a 1M solution of BV
and  BV =0.5. The fitted lines are shown in Fig.4.7. We assume that the enthalpy of adsorption is
independent of temperature. At -0.02V, H =-69.082 KJ/mol, which shows that adsorption of BV
on the electrode surface is an exothermic process. ∆S= -0.187KJ/mol ∙ K and ∆G<0 KJ/mol which
indicates that adsorption of BV is spontaneous.
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1

Figure 4.7 lnK versus 𝑇 and its linear regression with respect to BV adsorption
(The value for K was determined by taking the average of three repeated experiments)
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4.2 Displacement of BV by MPS

4.2.1 Chronoamperometry with MPS Injection in Cupric Electrolyte containing BV

Figure 4.8 Chronoamperometry for displacement of BV by MPS at -0.04V(vs. Ag/AgCl),
T=298K; (Solid line arrow: sequentially inject MPS 0.001ppm into electrolyte; Dash line arrow:
finally inject the MPS 10ppm in the electrolyte)

Fig.4.8 shows a chronoamperometric curve for the displacement of BV by MPS at a potential of 0.04V(vs. Ag/AgCl) and a temperature of 298K. BV and 𝐶𝑙 − were added to the base solution
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before the chronoamperometry experiments. Since BV adsorption is a spontaneous process, it is
adsorbed on the electrode surface in the form of a BV-Cl complex. During the chronoamperometric
measurement, the cathode current increased from 0.010 mA to 0.018 mA with addition of 0.001
ppm MPS to the electrolyte. An additional 0.001 ppm MPS solution was added when the current
reached a steady value. The total MPS concentration in the electrolyte was 0.005ppm after the fifth
dose. Finally, 10ppm MPS was injected to produce complete displacement of the BV. With this
addition, the current increased dramatically and reached a constant current of 4.0 mA (not shown
in the Fig.4.8). After each injection of 0.001ppm MPS, the current increased gradually, indicating
a depolarization of the electrode that resulted from the adsorption of MPS and desorption of BV.
MPS works as the anti-suppressor displacing the inhibiting BV from the electrode. During this
process, the S-Cu interaction between the MPS and the metal was favored over the N-Cl-Cu
interaction between the BV and the metal leading to accumulation of MPS on the copper surface
at the expense of the desorption of chemisorbed BV.
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4.2.2 The Effect of Potential on Displacement of BV by MPS

Figure 4.9 The equilibrium fractional coverage of MPS to displace BV as a function of the
electrode potential at T=298K
(The value for 𝜃𝑀𝑃𝑆 was determined by taking the average of three repeated experiments)

Table 4.3 Equilibrium constant for displacement of BV by MPS at various potentials (T=298K)
Potential(V)

K

R-square

-0.02

1.6

0.999

-0.04

2.57

0.999

-0.06

2.29

0.999

-0.08

1.85

0.998
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Similarly, the equilibrium fractional coverage of MPS can be calculated with Eq.1.10. Fig.4.9
shows the equilibrium fractional coverage of MPS versus potential at various MPS concentrations.
The displacement of BV by MPS depends on applied potential and MPS concentration. The
displacement of BV by MPS reached a maximum at -0.04V (vs. Ag/AgCl). From Table 4.3, the
equilibrium constant K also obtained a maximum at -0.04V (vs. Ag/AgCl). However, the
equilibrium constant of BV displacement by MPS did not depend strongly on the potential in
comparison with its influence on the BV adsorption behavior. The observation is in accord with
Barkey’s[51] conclusion that potential oscillation during galvanostatic copper deposition in a
solution containing BV and SPS occurs within a restricted range of conditions of current density,
showed as Fig.4.10. Actually, the oscillation only happened at potentials around -0.04V (vs.
Ag/AgCl). In the chronopotentiometric test, the adsorption of BV on the electrode surface would
drive it to more negative potential than -0.04V (vs. Ag/AgCl) which caused the desorption of BV
abruptly (Fig.4.5) and displacement by MPS (Fig.4.9). Thus, the potential changed in the positive
direction since MPS can be activated during copper electrodeposition. When the potential is more
positive than -0.04V, the decline of the equilibrium fractional coverage of MPS on the electrode
shows that MPS desorbed from the electrode surface and BV re-adsorbed on the electrode. This
process circulated to form a cycle showed in the oscillating current curve. Since BV adsorption is
very sensitive to the potential, the oscillation happened in a very limited potential range that is
controlled with narrow current densities.
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Figure 4.10[51] Chronopotentiometric curve with disk current density=10mA/cm2; ring current
density= 6mA/cm2; T=298K, BV=1.4ppm, SPS=8ppm. Rotation speed=500rpm.
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4.2.3 The Effect of Temperature on Displacement of BV by MPS

Figure 4.11 The equilibrium fractional coverage of MPS to displace BV as a function of
temperature at -0.04V(vs. Ag/AgCl)
(The value for 𝜃𝑀𝑃𝑆 was determined by taking the average of three repeated experiments)

Table 4.4 Equilibrium constant for displacement of BV by MPS at various temperatures at
-0.04V(vs. Ag/AgCl)
Temperature(K)

K

R-square

288

1.156

0.995

298

2.64

0.998

308

3.73

0.999

318

6.20

0.999
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Fig 4.11 shows that increasing temperature results in increasing 𝜃𝑀𝑃𝑆 when other conditions are
maintained constant. In contrast, from Fig.4.6, 𝜃𝐵𝑉 decreased with increasing temperature.
Evidently, increased temperature promotes MPS adsorption and BV desorption. Similarly, when
the Langmuir Isotherm was applied to the data, the equilibrium fractional coverage of MPS at
𝜃

temperatures between 288K to 318K produced a very good linear fit between 1−𝜃𝑀𝑃𝑆 and MPS
𝑀𝑃𝑆

concentration (R2 >0.99) (Fig.4.11&Table 4.4). The equilibrium constant K is calculated by the
slope of the fitting plot. A higher equilibrium constant K at higher temperature indicates higher
activation energy. At the potential of -0.04V, thermodynamic data can be estimated by linear
1

regression of lnK versus

𝑇

, shown in Fig.4.12. ∆𝐻 can be calculated by the slope; ∆𝑆 can be

calculated by the intercept; ∆𝐺𝑎𝑑𝑠 can be determined by Eq.4.4. ∆H=9.27KJ/mol; ∆S=38.80
J/mol ∙ K; ∆𝐺𝑎𝑑𝑠 are negative at temperature from 288K to 318K which indicated MPS displacing
BV on the electrode surface is a spontaneous endothermic process.

1

Figure 4.12 lnK versus 𝑇 and its linear regression with respect to displacement of BV by MPS
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4.2.4 The Effect of BV Concentration on Displacement of BV by MPS

Figure 4.13 The equilibrium fractional coverage of MPS versus MPS concentration as a function
of BV concentration between 0.1 ppm to 10 ppm at -0.04V(vs. Ag/AgCl) and T=298K
(The value for 𝜃𝑀𝑃𝑆 was determined by taking the average of three repeated experiments)

Fig.4.13 shows the dependence of the equilibrium fractional coverage of MPS at various BV
concentrations (from 0.1ppm to 10 ppm) added before the chronoamperometry measurement. At
BV concentrations below 0.1 ppm the effect of BV concentration on 𝜃𝑀𝑃𝑆 was greater than at
higher BV concentrations (i.e. greater than 0.5ppm). Hence, when the BV concentration is not
sufficient to produce complete coverage of the electrode, some MPS molecules displace adsorbed
BV, while some adsorb on the vacant sites. In this view, the change in 𝜃𝑀𝑃𝑆 indicates that the

67

mechanism of MPS adsorption to the bare electrode is different from the mechanism of MPS
displacing BV on the electrode.

4.2.5 The Effect of RDE Rotation Speed on Displacement of BV by MPS

Figure 4.14 The equilibrium fractional coverage of MPS versus MPS concentration as a function
of the rotation rate between 100 rpm and 1600 rpm at -0.04V(vs. Ag/AgCl) and T=298K
(The value for 𝜃𝑀𝑃𝑆 was determined by taking the average of three repeated experiments)

Fig.4.14 shows the observed increase in 𝜃𝑀𝑃𝑆 with increasing RDE rotation rate. The interpretation
of this result is not clear. The surface coverage is assumed to be at equilibrium and hence not
affected by transport of MPS. However, there is a Faradaic process, copper electrodeposition
taking place and the interfacial concentration of species other than additives that participate in the
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process at the surface may depend on transport. One candidate in particular is cuprous ion, which
is generated at the surface during plating. Some cuprous ion, rather than being reduced to metallic
copper, may diffuse into the bulk electrolyte. Therefore, the interfacial concentration of cuprous
ion may depend on rotation speed. This ion in turn is known to interact with MPS.

4.3 PEG Adsorption

4.3.1 Chronoamperometry with PEG Injection

Figure 4.15 Chronoamperometry for PEG adsorption at -0.04V(vs. Ag/AgCl), rotation
rate=1000rpm; T=298K; (Black arrow: sequentially inject PEG 0.01ppm in the bulk
concentration of electrolyte)
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Fig.4.15 shows the current response upon transition from a 𝐶𝑙 − containing electrolyte to a 𝐶𝑙 − and
PEG containing electrolyte at various PEG concentrations. 50 ppm 𝐶𝑙 − was present in the
electrolyte before the chronoamperometric measurement. With injections of 0.01 ppm PEG, the
cathodic current declined indicating the intrinsic inhibition effect of PEG on copper
electrodeposition. PEG adsorption took longer than BV adsorption to reach adsorption equilibrium
even with a high electrode rotation speed of 1000 rpm.

4.4 Displacement of PEG by MPS

4.4.1 Chronoamperometry with MPS Injection in Cupric Electrolyte containing PEG

Figure 4.16 Chronoamperometry for displacement of PEG by MPS at -0.06V
(vs. Ag/AgCl),T=298K (solid line arrow: sequentially inject MPS 0.001ppm into the electrolyte;
dash line arrow: finally inject the MPS 10ppm in the electrolyte)
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In Fig.4.16, PEG and Cl− were introduced into the electrolyte before the chronoamperometric
measurement. With a fresh copper surface in the electrolyte, PEG diffused and adsorbed onto the
electrode surface in the form of a PEG-Cl assemble that block the access of 𝐶𝑢2+ to the surface.
The chronoamperometry curves were obtained at a constant potential of -0.06V (vs. Ag/AgCl) and
a temperature of 298K. When the current attains a constant value, copper deposition reaches a
steady state. Since the incorporation of PEG into the deposit during metal deposition is negligible,
the rate of PEG adsorption and desorption should come into balance as well. After a steady current
was attained with PEG in solution, 0.001 ppm MPS was injected (the solid line arrow) to displace
adsorbed PEG on the electrode surface. When the MPS adsorption/PEG displacement reaction
reached equilibrium, the current attained a constant value, and another MPS injection was made.
Each injection of MPS led to an increase in deposition current indicating an acceleration of copper
electrodeposition. MPS activation includes two mechanisms; the thiolate adsorbs on the surface
and displaces PEG-Cl, and the charged sulfonate terminal group prevents reformation of the
passivating PEG-based layer[6]. MPS can “float” on the growing copper surface as copper is
deposited, allowing for adsorption equilibrium to be reached even during plating. After each
sequential injection of MPS in 0.001ppm for five doses after each adsorption equilibrium, 10ppm
MPS was injected into the electrolyte to displace the PEG completely with MPS. The dramatic
increase of current from 0.56 mA to 8.82 mA with adding 10ppm MPS (not shown in Fig.4.16)
means that copper electrodeposition was fully reactivated on the MPS covered copper electrode.
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4.4.2 The Effect of Potential on Displacement of PEG by MPS

Figure 4.17 The equilibrium fractional coverage of MPS versus potentials between 0.001ppm
and 0.005ppm MPS at T=298K
(The value for 𝜃𝑀𝑃𝑆 was determined by taking the average of three repeated experiments)

Table 4.5 Equilibrium constant for displacement of PEG by MPS at various potentials (T=298K)
Potential(V)

K

R-square

-0.04

1.16

0.995

-0.06

2.64

0.998

-0.08

3.73

0.999

-0.1

6.20

0.999
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The equilibrium fractional surface coverage of MPS can be calculated with Eq.1.9. Fig.4.17 shows
the effect of potential on the equilibrium fractional surface coverage of MPS versus potential at
298K. With increasingly negative potential, MPS coverage increased. From Table 4.5, the
equilibrium constant K also shows the same tendency. Moffat et al. found that the saturated surface
coverage of a monolayer of SPS or MPS on the copper is about 6.35×10−10 mol/cm2[6], which
means that the surface coverage increased from 3.42×10−12 mol/cm2 (-0.04V) to 1.93×10−11
mol/cm2 (-0.1V) when the potential changed to negative direction from -0.04V(vs. Ag/AgCl) to
-0.1V (vs. Ag/AgCl) with 0.005ppm MPS in the electrolyte.
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4.4.3 The Effect of Temperature on Displacement of PEG by MPS

Figure 4.18 The equilibrium fractional coverage of MPS versus MPS concentration as a function
of temperature at -0.1V(vs. Ag/AgCl)
(The value for 𝜃𝑀𝑃𝑆 was determined by taking the average of three repeated experiments)

Table 4.6 Equilibrium constant for displacement of PEG by MPS at various temperatures at
-0.1V(vs. Ag/AgCl)
Temperature(K)

K

R-square

288

4.79

0.998

298

6.20

0.999

308

11.99

0.999

318

23.45

0.999
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From Fig.4.18, the effect of temperature on the equilibrium fractional surface coverage is obvious
when the temperature is above 308K. 𝜃𝑀𝑃𝑆 is 0.057 at 308K and 0.108 at 318K with 0.005ppm
MPS in the electrolyte. From Table 4.6, the adsorption of MPS to displace PEG fits the Langmuir
model very well at temperatures from 288K to 318K. Also, the equilibrium constant at each
temperature can be estimated by the slope of the fitting plot. Similarly, the enthalpy and entropy
1

of adsorption can be calculated by the slope and intercept of the fitting line of lnK vs. . At a
𝑇

potential of -0.1V(vs. Ag/AgCl), the enthalpy of displacement of PEG by MPS is estimated with
a positive value of ∆𝐻 =39.4 KJ/mol , which is larger than the adsorption enthalpy of BV
displacement by MPS (9.27 KJ/mol). For displacement of PEG, ∆S=0.149 KJ/mol ∙ K , ∆G𝑎𝑑𝑠
are negative between 288K and 298K indicating that displacement of PEG by MPS is a
spontaneous endothermic process.
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1

Figure 4.19 lnK versus 𝑇 and its linear regression with respect to displacement of PEG by MPS
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4.4.4 The Effect of PEG Molar Weight on Displacement of PEG by MPS

(a)

(b)
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(c)

(d)
Figure 4.20 The equilibrium fractional coverage of MPS versus MPS concentration by
displacement of PEG3400 and PEG8000 at various electrode potentials at T=298K
(a)-0.04V;(b)-0.06V;(c)-0.08V;(d)-0.1V
(The value for 𝜃𝑀𝑃𝑆 was determined by taking the average of three repeated experiments)
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Table 4.7 Equilibrium constant for displacement of PEG3400 and PEG8000 by MPS at various
potentials (T=298K)
Potential (V)

K(PEG3400)

K(PEG8000)

-0.04

1.19

1.62

-0.06

2.64

2.16

-0.08

3.73

2.21

-0.1

6.21

5.63

Samples of PEG with molecular weights of 3400 and 8000 were used to study the effects of
molecular weight on displacement of PEG by MPS. The PEG used in the experiments described
above was PEG3400. Here, we add experiments using PEG8000 for comparison while keeping
the other experimental conditions consistent with those for PEG3400. Fig.4.20 shows the
equilibrium fractional coverage of MPS versus MPS concentration with PEG3400 and PEG8000
at various electrode potentials. From the graph, we can see that when the potential was fixed at 0.04V (vs. Ag/AgCl), MPS has a higher 𝜃𝑀𝑃𝑆 with PEG8000 than with PEG3400. This means that
more PEG8000 were displaced by MPS. Therefore, PEG3400 produces more persistent
suppression than PEG8000 at a potential of -0.04V(vs. Ag/AgCl). At potentials of -0.06V(vs.
Ag/AgCl) to -0.1V(vs. Ag/AgCl), PEG8000 produced stronger suppression than PEG3400 with
the same MPS concentration. This result is in accord with Dow’s[39] results that PEG with larger
molecules had higher suppression because of more dense and more stable surface coverage. Since
𝐶𝑙 − works as a dynamic anchor to immobilize the PEG − 𝐶𝑢+ − 𝐶𝑙 − complex on the deposited
copper, smaller PEG molar weight means less anchors to lock the PEG − 𝐶𝑢+ − 𝐶𝑙 − complex,
thus the 𝐶𝑙 − has more chances to interact with the contiguous thiol or molecules, turning them into
practical accelerators. Accordingly, PEG3400 has lower equilibrium constant than PEG8000 at -
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0.04V(vs. Ag/AgCl), but higher equilibrium constant than that of PEG8000 when the potential is
more negative beyond -0.04V(vs. Ag/AgCl), shown in Table 4.7.
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CHAPTER V CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion
Adsorption of BV and interaction between BV and MPS as well as PEG and MPS were explored
by the chronoamperometry technique. The results were interpreted on the basis of a competitive
adsorption model in which adsorbed BV or PEG is displaced from the interface by potentialdependent MPS adsorption during copper electrodeposition.
During copper electrodeposition with BV adsorption, the equilibrium fractional surface coverage
of BV increases with increasing BV concentration in the electrolyte until reaching a maximum
value. BV equilibrium fractional coverage increased linearly with BV concentration from 0.01ppm
to 0.05ppm in the electrolyte, which fitted the Langmuir isotherm very well. This supports the
view that interactions between the adsorbed additives can be ignored according to the assumption
of the Langmuir Isotherm. Both the BV equilibrium fractional surface coverage and equilibrium
constant of adsorption depend on potential. A sharp decline in BV equilibrium fractional coverage
and equilibrium constant K when the applied potential is more negative than -0.04V (vs. Ag/AgCl)
indicates BV is expelled from surface at more negative potentials. This observation explains the
potential oscillations reported by Barkey et al. in this system[51]. BV equilibrium fractional surface
coverage declines with increasing temperature. The adsorption enthalpy was estimated as -69
KJ/mol and the adsorption energy was negative between 288K and 318K. This indicates that the
adsorption of BV on the copper electrode surface is a spontaneous exothermic process.
In copper electrodeposition with MPS displacing BV, MPS works as the anti-suppressor. Cathodic
current increased with the injection of MPS into electrolyte containing BV during
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chronoamperometry. The factors affecting this process were studied, including potential,
temperature, MPS concentration, BV concentration and rotation rate of the RDE. The extent of
displacement of BV by MPS increases with increasing MPS concentration in the electrolyte. As a
function of potential, it reaches a maximum at -0.04V(vs. Ag/AgCl). However, displacement of
BV by MPS does not depend as strongly on the potential as the adsorption behavior of BV alone.
Increased temperature promotes MPS adsorption and BV desorption. With a good fit to the
Langmuir isotherm, the positive enthalpy and negative adsorption free energy calculated indicates
that displacement of BV by MPS is a spontaneous endothermic process. BV concentration also
influences this process. Displacement of BV by MPS at low BV concentration apparently occurs
in a regime where some MPS is adsorbed onto bare metal and some is adsorbed through
displacement of BV. MPS equilibrium fractional surface coverage and the equilibrium constant of
adsorption reaction are affected by the rotation speed below 900 rpm. The reason for this is unclear,
although it probably involves changes in the interfacial composition of the electrolyte.
Chronoamperometry for displacement of PEG by MPS shows that MPS activates copper
deposition by displacing adsorbed PEG on the electrode. Potential, temperature, MPS
concentration and PEG molar weight are factors that affect MPS adsorption to displace PEG. At
more negative potential, higher MPS concentration and higher temperature, the extent of
displacement is greater. PEG3400 produced higher suppression than PEG8000 at a potential of 0.04V(vs. Ag/AgCl), but less suppression than PEG8000 at potentials between -0.06V(vs.
Ag/AgCl) and -0.1V(vs. Ag/AgCl). Displacement of PEG by MPS is a spontaneous endothermic
process.
Because adsorption of the leveler BV is an exothermic process, it must be driven by bond
formation with the metal surface. Displacement of BV by MPS is spontaneous and endothermic.
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Therefore, displacement is not driven by formation of stronger bonds with the surface but by an
increase in the surface-excess entropy when BV molecules are displaced by the smaller and more
weakly bound MPS molecules[52]. This would appear to be a necessary feature of suppressoraccelerant systems because a large, strongly bound molecule blocks deposition, whereas a small
weakly bound molecule does not.

5.2 Recommendations
Adsorption of accelerants on the electrode can be further explored by comparison with the
adsorption thermodynamics of accelerant SPS and MPS. This will help to explain the interactions
between SPS and MPS. Also, the chronoamperometry technique with increasing concentration of
additives in the electrolyte can also be used for various levelers with similar functional groups to
further explore the adsorption mechanism of levelers. This will promote to the design of levelers
with high capacity and low cost in the industrial practice.
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